Introduction {#s1}
============

Reprogramming non--β-cells into β-cells or cells with insulin-secreting potential has been the subject of several studies over the past decade ([@B1]--[@B9]). Research has focused on a number of areas, including in vitro generation of β-cells from pancreatic (e.g., acinar cells) and liver cell lineages for transplantation as well as causing either pancreatic or other tissue-specific cells to convert to β-cells in vivo ([@B10]). The potential of this latter approach became evident with the discovery by Suzuki et al. ([@B11]) that the full-length form of GLP-1(1-37), previously thought to be inactive, could stimulate rat intestinal epithelial cells to become glucose-responsive insulin-secreting cells, ostensibly through the Notch signaling pathway. The results from Suzuki et al. ([@B11]) suggested that undifferentiated intestinal epithelia in rats (differentiation occurring after E15) can develop into β-like cells. The study also demonstrated the reversal of streptozotocin (STZ)-induced type 1 diabetes in adult rats after surgical implantation with embryonic jejunum (E14.5) incubated with GLP-1(1-37) in vitro. The authors concluded that adult enterocyte differentiation, which occurs from the intestinal crypts, would not give rise to significant numbers of insulin-producing cells and that the proliferating and pseudostratified cells of the developing fetus (pre-E17) would likely be required for significant differentiation into cells with β-like functionality.

While the study by Suzuki et al. ([@B11]) reported positive results with GLP-1(1-37) as an agent to reprogram intestinal cells, their study also highlighted the difficulty in delivering this bioactive compound by injection and surgery. The circulating active form of GLP-1 is GLP-1(7-37), which has a very short biological half-life of the order of just a few minutes in blood ([@B12]). This short half-life may be a reason for the lower reprogramming rates with GLP-1(1-37) observed in adult rats, as it would be necessary for GLP-1(1-37) to be present in systemic circulation for a longer period of time in order to reach the intestinal crypts.

Other means of delivering bioactive compounds to the luminal (villous) side of the upper intestine, avoiding the potential pitfalls of surgery or degradation in the bloodstream, have been published using intestinal commensal bacteria that populate the gut with the ability to secrete specific signals ([@B13]--[@B24]). In this approach, signals (small molecules, peptides) can be delivered directly to the luminal side of the intestine by bacteria that already have an established line of communication with intestinal epithelia.

In a previous in vitro study, we demonstrated that engineered commensal bacteria can deliver GLP-1(1-37) to human intestinal carcinomas and stimulate glucose-responsive insulin secretion ([@B23]). In that work, *Escherichia coli* Nissle 1917 was transformed to secrete GLP-1(1-37) from a plasmid in response to an exogenous inducer. We also confirmed that GLP-1(1-37) and not the active form \[GLP-1(7-37)\] reprograms enterocytes as part of the work being reported here ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-0635/-/DC1)).

Further, for this investigation, we tested the hypothesis that a chromosomally modified human gram-positive bacterial strain that constitutively secretes GLP-1(1-37) could reduce hyperglycemia in a rat model of diabetes. Our goal was to reprogram rat intestinal cells into glucose-responsive insulin-secreting cells through daily oral administration of GLP-1(1-37)--secreting bacteria. We measured coexpression of β-cell and enteroendocrine markers to determine the extent and possible mechanism of reprogramming.

Research Design and Methods {#s2}
===========================

Strain Construction {#s3}
-------------------

To transform *Lactobacillus gasseri* ATCC 33323 (L) into a strain that secretes GLP-1(1-37), constitutively standard techniques were used. Details are in the [Supplementary Data](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-0635/-/DC1). We called the positive integrants LG.

Rat Experiments {#s4}
---------------

All rats used in this study were purchased from The Jackson Laboratory and housed at the East Campus Research Facility at Cornell University. Studies were conducted in accordance with protocols approved by the Cornell University Institutional Animal Care and Use Committee. All rat experiments were repeated twice with six rats per treatment group.

STZ Model {#s5}
---------

Rats were fasted for 6 h before being injected with STZ at a dose of 70 mg/kg of body weight (BW; in cold 0.1 mol/L sodium citrate buffer pH 4.2) via intraperitoneal route. Blood glucose levels were monitored every 3 days until diabetic glucose levels (\>350 mg/dL) were reached. Once rats had sustained blood glucose levels over 350 mg/dL, they were enrolled in the study.

Bacterial Feeding {#s6}
-----------------

After enrollment in the study, rats were given ampicillin-treated (1 g/L) water for 18 h. *Lactobacillus* strains LG (2 µg/mL erythromycin) or L were grown in MRS media. The resulting pellet was redissolved in sterile MRS with 1% sucrose. The rats were fed 1.6 mL/kg BW MRS with 1% sucrose containing 10^10^ CFU/mL of MRS-grown *Lactobacillus* strains separately (L or LG). All bacterial strain--fed rats were fed 2 times per day with bacteria for 90 days.

Glucose Tolerance Test and ELISA {#s7}
--------------------------------

After bacterial feeding for 51 days, STZ-treated rats were fasted 10 h and weighed, and a blood sample was collected from the tail vein using heparinized Microhematocrit Capillary Tubes (Fisher, PA). They were then orally administered 1 g glucose/kg BW, and blood samples were taken at 0.5, 1, 1.5, and 2 h. Plasma glucose was measured using the Breeze2 blood glucose monitoring system. Plasma insulin was measured using Rat/Mouse Insulin ELISA Kit (Millipore, MA) according to the manufacturer's instructions.

Tissue Homogenization of Pancreas and Upper Intestine, Blood Sampling, and ELISA {#s8}
--------------------------------------------------------------------------------

After 90 days of bacterial feeding, rats were killed and their pancreata and intestines were removed and frozen at −80°C until analysis. For each rat, the pancreas and upper intestine were weighed and independently homogenized using a chilled mortar with 1× PBS. Insulin was measured for both pancreata and upper intestines using Rat/Mouse Insulin ELISA Kit (Millipore, MA) according to the manufacturer's instructions.

Bacterial Colonization Counts {#s9}
-----------------------------

After feeding for 90 days, rats were transferred to new cages for 3 days. Feces were collected from the new cages, and rats were killed. Three rats from each treatment were dissected, and their upper gastrointestinal (GI) tracts were removed. The upper GI tracts were each weighed and homogenized in 2 mL of fresh MRS medium. Homogenized tissue was plated onto MRS with erythromycin (2 µg/mL) by serial dilution. Plates were incubated overnight at 37°C and their colonies counted.

Immunofluorescence {#s10}
------------------

Upper intestinal, pancreatic, and liver tissues of rats killed after feeding with L or LG for 90 days and treated IEC-6 cells were fixed, and tissues were dissected. After deparaffinization, fixed tissue slides were steamed in 0.01 mol/L citrate buffer, pH 6.0. After washing in PBS, 10% normal blocking serum (Santa Cruz Biotechnology, CA) was applied for 1 h at room temperature. Two hundred microliters of 4% formaldehyde diluted in warm PBS for 15 min in a fume hood was added to treated IEC-6 cells in six-well plates. The cells were washed three times in 1× PBS for 5 min each, and 10% normal blocking serum (Santa Cruz Biotechnology, CA) was applied for 1 h at room temperature. For all tissues and IEC-6 cells, 1:500 diluted goat anti--PDX-1, 1:50 diluted genuine pig anti-insulin, 1:50 mouse anti--GLP-1 (ab23447; Abcam, Cambridge, MA), 1:50 diluted rabbit anti-insulin, 1:500 rabbit anti--PDX-1, 1:50 rabbit anti--HNF-6, 1:50 goat anti-chromogranin A (ChrA), 1:50 goat anti-lysozyme, 1:50 goat anti--SOX-9, 1:50 goat antisucrase isomaltase (anti-SI), 1:50 goat anti-glucagon, or 1:50 goat anti-FoxA2 (Santa Cruz Biotechnology, CA) was applied to blocked samples that were then incubated overnight at 4°C. After washing four times in PBS, a fluorochrome-conjugated secondary antibody Alexa Fluor 488 donkey anti-rabbit IgG and Alexa Fluor 555 donkey anti-goat IgG or Alexa Fluor 488 donkey anti-goat IgG or Alexa Fluor 488 goat anti-guinea pig IgG and Alexa Fluor 555 donkey anti-rabbit IgG or Alexa Fluor 488 donkey anti-mouse IgG (Invitrogen) diluted 1:200 in PBS was applied to samples for 1.5 h at room temperature in a humid chamber. After washing three times in PBS, samples were then mounted with Vectashield mounting medium with DAPI (Vector, CA). Specimens were examined immediately using the appropriate excitation wavelength for each fluorophore. Images were taken with a Zeiss 710 Confocal Microscope (Zeiss, Jena, Germany).

RT-PCR {#s11}
------

Total RNA was isolated from the intestines of rats fed with LG or L and also from the pancreata and livers of healthy control rats using the RNAqueous Kit (Life Technologies, NY). cDNA was synthesized by SuperScript III First-Strand Kit (Invitrogen, CA). The primers used for amplifying different genes are listed in the [Supplementary Data](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-0635/-/DC1).

IEC-6 Cell Culture With GLP-1(1-37) and Small Interfering RNA and ELISA {#s12}
-----------------------------------------------------------------------

Sixty percent confluent monolayers of IEC-6 cells in four-chamber culture slides were covered with 1 mL DMEM with 10% FBS and 10 µg/mL insulin incubated at 37°C with 5% CO~2~. Small interfering RNA (siRNA) transfection was processed according to manufacturer's manual. After 24 h, 200 nmol/L, 400 nmol/L, or 2 μmol/L GLP-1(1-37) (Bachem, King of Prussia, PA) or 1× PBS was added separately into different wells. Following a 16-h incubation, cells were washed with DMEM with 10% FBS three times, and 1 mL DMEM with 10% FBS plus 200 nmol/L, 400 nmol/L, or 2 μmol/L GLP-1(1-37) or GLP-1(7-37) was added to the cells, supplemented with 0.4% glucose for an additional 2 h. The media were removed from the cells, supplemented with leupeptin (10 ng/mL), 0.2 mmol/L phenylmethylsulfonyl fluoride, and aprotinin (10 ng/mL); centrifuged (12,000× rpm; Eppendorf 5804 R, Westbury, NY); and kept briefly at 4°C prior to ELISA analysis for insulin expression. Insulin was measured using Rat/Mouse ELISA Kit (Millipore, MA) according to the manufacturer's instructions. The treated IEC-6 cells were used for RT-PCR or immunofluorescence (see Immunofluorescence and RT-PCR in the [research design and methods](#s2){ref-type="sec"} section) for specific gene expression.

Statistical Analysis {#s13}
--------------------

Oral glucose tolerance test (OGTT) and nonfasting glucose data were compared using area under the curve (AUC) estimates over the course of the time period specified. Specifically, AUC data for rats under different conditions were grouped (LG or L) and compared with control rats using one-way ANOVA, with Dunnett test used to determine significant differences. Differences were considered significant at *α* \< 0.05 (*n* = 6).

Results {#s14}
=======

Bacterial Secretion of GLP-1(1-37) in Rat Upper Intestinal Tracts {#s15}
-----------------------------------------------------------------

L was engineered to secrete GLP-1(1-37) using the SlpA promoter and USP45-LEISS secretion tag (SEC) ([@B19]) (LG) ([Fig. 1*A*](#F1){ref-type="fig"}). A polyhistidine (HIS) tag was added to the N-terminus (for Western blotting) separated by an enterokinase site so that the protein would be separated from the tag once secreted in the intestine. Secretion of GLP-1(1-37) was verified in culture ([Fig. 1*B*](#F1){ref-type="fig"}). The secreted fraction of GLP-1(1-37) was recovered from the culture medium (medium) and compared with that which was still in the cell pellet (cells).

![Bacterially secreted GLP-1 in the rat upper intestine. GLP-1(1-37) was secreted from L that were administered twice daily to rats over the course of 90 days. *A*: A schematic of the cassette inserted into the bacterial chromosome of L to make LG is shown. *B*: Western blots were used to confirm bacterial secretion of recombinant GLP-1(1-37). Supernatants (medium) and pellets (cells) from LG and parent strain L are shown. *C*: Homogenized upper intestinal and fecal bacterial counts. Homogenized intestines (*C.1*) and feces (*C.2*) were serially plated with no antibiotic (LG no erythromycin and L) or with erythromycin (LG). Counts were performed to obtain CFU/g tissue. Fecal counts are per gram of feces. *D.1*: Immunofluorescence images were obtained for GLP-1 expression (green staining) in the upper GI tract of LG-fed rats. Arrows point to GLP-1 along the luminal surface. Nucleic acid is stained blue (DAPI). *D.2*: A higher magnification view of the intestinal section in *D.1*. *E*: Images from upper intestines of L-fed rats showed no clear GLP-1 staining. *F*: Morphometric analysis of intestinal sections stained for GLP-1(1-37) is shown. Values are averages of images taken from three rats, and error bars represent 1 SD. *P* value is from a Student *t* test (*n* = 3). Scale bars in *D.1* and *D.2* are 50 µm. EK, enterokinase site; Ery, erythromycin; HIS, polyhistidine tag; P*slpA*, S-layer protein gene (slpA) promoter; SEC, strain-specific secretion tag.](db140635f1){#F1}

Rats were fed two times per day with L, LG, or sterile media for 90 days. At the end of the experiment, individual rat intestines were homogenized and bacterial counts were performed in order to establish the level of colonization in the upper GI tract and to compare that to counts in the feces. From these data, it is clear that bacterial strains colonized the intestines ([Fig. 1*C.1*](#F1){ref-type="fig"}). There was no difference between L and LG in colonizing the feces ([Fig. 1*C.2*](#F1){ref-type="fig"}). It should be noted that L did not carry antibiotic resistance, hence the counts are much higher than LG due to the lack of selective pressure. To count total amounts of *Lactobacillus* present in the rat upper intestines, homogenates were plated on MRS plates which select (without antibiotics) predominately for *Lactobacillus* strains. For rats fed LG or L, the counts were almost identical, indicating that both strains did little to change the total number of lactobacilli in the homogenates. To select only for LG, erythromycin was used as a selectable marker ([Fig. 1*C*](#F1){ref-type="fig"}). The lower counts on erythromycin plates, as compared with the MRS plates, indicated the difference in colonization between culturable native rat lactobacilli and LG.

Diabetic rats that were fed LG stained positively for GLP-1(1-37) in their upper intestines as revealed by immunofluorescence using antibodies that react specifically with the first six amino acids of GLP-1 ([Fig. 1*D*](#F1){ref-type="fig"}, LG results are shown), while rats fed either L or buffer did not exhibit similar staining ([Fig. 1*E*](#F1){ref-type="fig"}, L shown). Quantification of coverage was carried out by scanning images of intestinal sections and estimating the percentage of the intestinal surface that stained positive for GLP-1(1-37) ([Fig. 1*F*](#F1){ref-type="fig"}). The amount of background staining can be seen with the L control ([Fig. 1*F*](#F1){ref-type="fig"}).

Whether LG can partially restore euglycemia in a drug-induced diabetes rat model was tested. Representative results from these experiments are presented below.

Reduction of Hyperglycemia in an STZ-Mediated Model of Type 1 Diabetes {#s16}
----------------------------------------------------------------------

Six- to eight-week-old female Wistar rats were injected with STZ to specifically reduce their β-cell mass. With the onset of hyperglycemia, groups of rats were fed either LG or L (all bacteria were fed two times daily). As an euglycemic control, one group of rats received no STZ treatment and was only fed sterile media rather than bacteria (control). Rat weights and nonfasting glucose levels were monitored over 90 days. Nonfasting glucose levels were compared using AUC calculations. As an example, nonfasting glucose levels taken from the last day of the study are presented in [Fig. 2*D*](#F2){ref-type="fig"}.

![Reducing hyperglycemia in diabetic rats. Hyperglycemia was induced in Wistar rats via STZ depletion of pancreatic β-cells. After treatment with *L. gasseri* (L) and *L. gasseri*-secreting GLP-1(1-37) (LG) rats were subjected to an OGTT. One group of rats was not treated with STZ and fed sterile media rather than a bacterial suspension (control). Blood glucose (*A*) and insulin (*B)* levels were measured for the OGTT. Presented are averages for each treatment group in a single experiment (*n* = 6). Statistical analysis was performed using one-way ANOVA for AUC measurements, and results are discussed in the text. *C*: Pancreatic sections from each treatment group were morphometrically analyzed for the ratio of glucagon-positive cells to total pancreatic cells. *D*: Random (nonfasting) blood glucose levels were obtained for all rats in the study two times per week. Shown are representative average blood glucose levels from one day of an experiment for each group (*n* = 6). *E*: Fraction of insulin-positive cells in the pancreas. Values are averages. Intestinal (*F*) and pancreatic (*G*) tissues were homogenized and assayed for insulin content. Shown are representative average insulin levels. Error bars represent 1 SD, and *P* values are from a Dunnett test for significance (*n* = 6). *H*: Estimates for average total insulin in combined intestinal and pancreatic tissues were obtained from weight measurements of harvested tissues. Error bars represent 1 SD (*n* = 6). C, control; pan, pancreas.](db140635f2){#F2}

After 50 days of commensal bacterial treatment, rats were subjected to an OGTT ([Fig. 2*A* and *B*](#F2){ref-type="fig"}). The data were compared using AUC and one-way ANOVA with Dunnett test for significance. When compared with the nondiabetic control rats, L-fed diabetic rats exhibited both higher blood glucose and lower plasma insulin (*P* = 0.0037 and 0.0059, respectively). Blood glucose and plasma insulin were not significantly different between the LG-fed rats and the nondiabetic control rats (*P* = 0.0903 and 0.9284, respectively). At the end of the 90-day treatment period, pancreata and intestines were harvested from rats in the study and pancreata were fixed and immunostained for glucagon. There were significant differences in the ratios of glucagon-positive cells to total pancreatic cells between both LG-fed rats and control rats when compared with L-fed rats ([Fig. 2*C*](#F2){ref-type="fig"}). Pancreata were also scanned for β-cell numbers ([Fig. 2*E*](#F2){ref-type="fig"}). L-fed rats had slightly more remaining β-cells than LG-fed rats ([Fig. 2*E*](#F2){ref-type="fig"}). It was estimated that control rats had more than 17-fold the remaining β-cells than the other treatments. Rat intestines and pancreata were homogenized to determine the level of insulin in each ([Fig. 2*F--H*](#F2){ref-type="fig"}). Upper intestinal measurements of insulin per gram of tissue indicated that only rats fed LG expressed more insulin in their intestines than the normal control rats. On average, LG-fed rats exhibited more than fivefold the levels of insulin in their upper intestinal tissues than either L-fed rats or control rats ([Fig. 2*F*](#F2){ref-type="fig"}). In pancreatic tissue, there was no difference in insulin levels per gram of tissue between LG- and L-fed rats but as much as threefold more insulin per gram of tissue in control rats compared with the diabetic rats (LG and L in [Fig. 2*G*](#F2){ref-type="fig"}). When the upper intestinal and pancreatic tissues were weighed, estimates of total insulin indicated that LG-fed rats had on average 60% more total insulin (intestines and pancreata combined) than L-fed rats. Control rats had almost twice as much total insulin in these tissues as LG-fed rats ([Fig. 2*H*](#F2){ref-type="fig"}).

Expression of Pancreatic and Intestinal Markers {#s17}
-----------------------------------------------

Sections of rat small intestines were fixed and immunofluorescently probed for various markers. Insulin-containing cells were found in the small intestines of rats treated with LG but not in L or control groups ([Fig. 3](#F3){ref-type="fig"}, LG and L results shown). The relative frequency of insulin-producing cells was estimated from image analysis to be ∼0.06% (±0.016%) of the average small intestinal cell count (or ∼1 in 1,600 epithelial cells) ([Fig. 3*B*](#F3){ref-type="fig"}). PDX-1 production was observed in the upper intestine and pancreas as expected for all rats in the study (red staining in [Fig. 3*A*](#F3){ref-type="fig"}). Epithelial cells in intestinal sections of rats had various levels of PDX-1 ([Fig. 3*A.2*](#F3){ref-type="fig"}, yellow arrows) that were frequently lower for insulin-positive cells than for surrounding epithelia ([Fig. 3*A.3*](#F3){ref-type="fig"}, red arrows); however, insulin-positive cells also stained for PDX-1 at levels comparable to surrounding epithelia ([Fig. 3*A.2* and *A.3*](#F3){ref-type="fig"}, white arrows).

![Immunofluorescence for β-cell and intestinal epithelia markers. *A*: Sections from the different groups were stained for PDX-1 (red) and insulin (green). *B*: Intestinal sections were analyzed by image analysis for the number of insulin-positive cells as a percentage of total epithelial cells. Average values are shown (*n* = 6). Error bars represent 1 SD. *C*: ChrA (red) and insulin (green). *D*: Sections from the LG-fed group for HNF-6 (red) and insulin (green). Shown are cells from intestinal crypts and intestinal villi from LG-fed rats and liver cells from healthy rats. *E*: Sections from the LG-fed group for FoxA2 (red) and insulin (green) in intestinal villi and from healthy rat pancreata. *F*: Sections from the LG-fed group for lysozyme, SI, SOX-9 (red), and insulin (green). Scale bars are 10 µm unless otherwise noted. *A.1*: White arrow indicates reprogrammed cell. *A.2*: White arrows indicate reprogrammed cells. Yellow arrows indicate normal PDX-1 expression in epithelial cells. *A.3*: White arrows indicate reprogrammed cells making PDX-1. Red arrows indicate reprogrammed cells not expressing PDX-1. Yellow arrows indicate normal PDX-1 expression in epithelial cells. *A.4*: White arrows indicate normal PDX-1 expression in epithelial cells. Yellow arrows indicate lack of PDX-1 expression in epithelial cells. *C*: White arrows indicate reprogrammed cells making less insulin than ChrA. Yellow arrows indicate reprogrammed cells making less ChrA than insulin. *F*: White arrows indicate cells normally expressing SOX-9. Yellow arrows indicate reprogrammed cells. Lyso, lysozyme; ND, none detected; Pan, pancreata.](db140635f3){#F3}

ChrA is normally expressed by neuroendocrine cells, enteroendocrine cells, and islet β-cells in secretory granules. To better understand the physiology of the reprogrammed cells, intestinal sections were costained for ChrA and insulin. In some instances, insulin staining (green) overlapped with ChrA staining (red) ([Fig. 3*C*](#F3){ref-type="fig"}), and in ∼50% of observed insulin-producing cells, counterstaining did not detect significant amounts of ChrA ([Fig. 3*C*](#F3){ref-type="fig"}). In [Fig. 3*C*](#F3){ref-type="fig"}, yellow arrows denote an enteroendocrine cell expressing more insulin than ChrA, while white arrows point to a cell expressing more ChrA than insulin. In L-fed rats, only ChrA was detected with no visible costaining for insulin ([Fig. 3*C*](#F3){ref-type="fig"}).

HNF-6, previously shown to be transcriptionally upregulated by GLP-1(1-37) in vitro ([@B11]), was also assayed. HNF-6 mediates transition from endodermal cell lineages to PDX-1--expressing cells in the pancreata of developing embryos ([@B25]). HNF-6 and insulin colocalization was observed in the epithelia of intestinal crypts of rats fed LG ([Fig. 3*D*](#F3){ref-type="fig"}). Colocalization of HNF-6 and insulin in cells that had migrated up the villous axis and were present on the villi ([Fig. 3*D*](#F3){ref-type="fig"}) was not observed. Liver tissue from healthy rats was used as a positive control for HNF-6 ([Fig. 3*D*](#F3){ref-type="fig"}). In addition to HNF-6, cells staining positive for insulin in the upper GI tracts of rats fed bacteria secreting GLP-1(1-37) expressed FoxA2, a transcription factor required for PDX-1--mediated insulin synthesis in pancreatic cells ([@B26]) ([Fig. 3*E*](#F3){ref-type="fig"}).

To determine if normal function could be seen juxtaposed next to transformed cells, intestinal sections from LG-fed rats were costained for lysozyme, SI, and SOX-9. All of these markers appeared in close proximity to insulin-producing cells ([Fig. 3*F*](#F3){ref-type="fig"}).

Transcriptional analysis via RT-PCR was in agreement with immunofluorescence data for expression of *insulin*, *pdx-1*, and *foxa2* ([Fig. 4*A*](#F4){ref-type="fig"}); *HNF-6* ([Fig. 4*B*](#F4){ref-type="fig"}); and *SOX9* and *chrA* ([Fig. 4*C*](#F4){ref-type="fig"}). In addition, *mafA*, *neurogenin 3* (*ngn3*), *glucagon*, insulin receptor (*insulin R*) and GLP-1 receptor (*glp-1R*) ([Fig. 4*A*](#F4){ref-type="fig"}) transcripts were assayed in both intestinal and pancreatic tissues. Differential expression between rats fed LG and L was seen for *mafA* ([Fig. 4*A*](#F4){ref-type="fig"}).

![RT-PCR for β-cell and intestinal epithelia markers. *A*: LG- and L-fed rat intestinal sections were homogenized, and their mRNA transcripts were assayed for expression of the genes shown. Healthy rat pancreatic sections were used as a positive control. *B*: LG- and L-fed rat intestinal mRNA was assayed for *HNF-6* expression. Healthy rat liver mRNA was used as a positive control. *C*: *SOX9* and *chrA* mRNA were measured from intestinal tissues of LG- and L-fed rats. Actin was used as a loading control for *A*, *B*, and *C*. Pan, pancreas.](db140635f4){#F4}

Stimulation of IEC-6 Cells With GLP-1(1-37) in the Presence and Knockdown of GLP-1R {#s18}
-----------------------------------------------------------------------------------

Rat intestinal stem cells (IEC-6) were used to understand the importance of the GLP-1R in mediating reprogramming. IEC-6 cells were stimulated with GLP-1(1-37) and showed dose-dependent secretion of insulin in response to glucose ([Fig. 5*A*](#F5){ref-type="fig"}). siRNA was used to knock down expression of GLP-1R in IEC-6 cell culture. siRNA-treated cultures (siRNAi+) did not exhibit reprogramming when stimulated with GLP-1(1-37) as per RT-PCR of various β-cell markers ([Fig. 5*B*](#F5){ref-type="fig"}). HNF-6 was immunodetected in GLP-1(1-37)--treated IEC-6 cells ([Fig. 5*D*](#F5){ref-type="fig"}) but not in cells pretreated with siRNA against GLP-1R ([Fig. 5*C*](#F5){ref-type="fig"}).

![In vitro stimulation of IEC-6 cells with GLP-1(1-37). *A*: IEC-6 cell cultures were incubated with either siRNA against the GLP-1R (siRNA+) or sterile media and then incubated with GLP-1(1-37) at various concentrations before challenge with glucose. Values are averages of three wells, and error bars represent 1 SD. *P* value is from a Student *t* test. *B*: Various cell markers were assayed using RT-PCR for cells either treated with siRNA (siRNA+) or not prior to GLP-1(1-37) addition. siRNA+ cells (*C*) and normal cells (*D*) were stimulated with GLP-1(1-37) and immunostained for HNF-6 and insulin. All scale bars are 20 µm unless otherwise indicated. ND, none detected.](db140635f5){#F5}

In Vitro Analysis of Human Epithelial Insulin Stimulation and GLP-1 in Rat Serum {#s19}
--------------------------------------------------------------------------------

To rule out any potential stimulation for insulin production in intestinal cells by the active form of GLP-1 \[GLP-1(7-37)\], an in vitro assay of human epithelia was developed to compare the relative levels of glucose-mediated insulin production following stimulation by either GLP-1(7-37) or GLP-1(1-37) ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-0635/-/DC1)). GLP-1(1-37) was observed to stimulate Caco-2 cells to secrete insulin in response to glucose in a dose-dependent manner (although differences were not significant, averages trended according to dose of GLP-1). GLP-1(7-37) stimulated no significant secretion of insulin ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-0635/-/DC1)).

Blood from representative rats from all groups in this study were assayed for the presence of GLP-1 and any changes that may have arisen from feeding bacteria secreting GLP-1(1-37). ELISA assays indicated that there was no significant difference in blood levels of either GLP-1(7-37) or GLP-1(1-37) (by conversion curve) in rats from the LG, L, or control groups ([Supplementary Figs. 2--4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-0635/-/DC1)).

Discussion {#s20}
==========

The use of bacterial strains to deliver compounds to the upper intestinal tract has been the subject of several studies and review articles ([@B27],[@B28]). While there has been limited success in this area, thus far the use of engineered commensal bacteria for changing intestinal cell differentiation has not been demonstrated. The work described herein demonstrates the potential of bacterial delivery of a compound to the luminal side of the upper intestine for the purpose of controlling epithelial cell fate. The objective for this investigation was to test the hypothesis that delivering the inactive form of GLP-1 \[GLP-1(1-37)\] to the luminal side of the upper intestine using engineered commensal bacterial strains could serve as a treatment for hyperglycemia.

In rats given a high dose of STZ to ablate their pancreatic β-cells, hyperglycemia was significantly reduced by ingestion of GLP-1(1-37)--secreting bacteria. The mechanism of blood glucose reduction appears to be from intestinal cells reprogrammed to secrete insulin in response to glucose as is evidenced by the increase in intestinal insulin ([Fig. 2*F* and *H*](#F2){ref-type="fig"}), the presence of insulin-secreting endocrine cells in the intestine ([Fig. 3](#F3){ref-type="fig"}), the presence of insulin mRNA in intestinal tissue ([Fig. 4*A*](#F4){ref-type="fig"}), and the in vitro result that GLP-1(1-37) converts rat cells to insulin-secreting cells. Further, insulin secretion in rats fed LG followed the same kinetics and was not significantly different from insulin secretion in healthy control rats, indicating that their increased insulin-making capacity is glucose responsive ([Fig. 2*B*](#F2){ref-type="fig"}), as has been demonstrated in vitro with human intestinal cells ([@B23]).

Rat intestinal epithelia reprogrammed to secrete insulin expressed important β-cell markers PDX-1, MafA, and FoxA2. These proteins are all essential for normal β-cell function and are differentially expressed in pancreatic tissue in response to glucose and insulin ([@B29],[@B30]). Similarly, in this work, reprogrammed cells were shown to express various levels of PDX-1 and, as is the case with both pancreatic ([@B31]) and intestinal ([@B32]) cells normally, in some instances, failed to translocate PDX-1 from the cytosol to the nuclear compartment, pointing to an active control of insulin levels rather than a constitutive one. This phenomenon could also be observed with ChrA production. With ChrA, as with PDX-1, levels varied between individual cells expressing insulin. FoxA2 regulation of PDX-1 is an important part of pancreatic development in rodents ([@B33]) and adds to the complexity of PDX-1 expression.

These data suggest that at least some reprogrammed cells maintain enteroendocrine function and have the capacity to act as multifunctional endocrine cells with β-cell functionality. This change is possibly mediated through expression of HNF-6, which is essential in normal development for the early transition between intestinal endoderm and PDX-1--expressing pancreatic cells ([@B34],[@B35]). However, continued expression of HNF-6 in mature β-cells leads to loss of pancreatic function and apoptosis ([@B36],[@B37]). Our investigations in vivo suggest that HNF-6 expression, which was only observed in insulin-secreting cells in the crypts of the intestine, *not* in more well-differentiated insulin-positive cells along the villous axis, transforms potential enteroendocrine cells into β-like cells that then migrate up the axis normally while ceasing to express HNF-6 at detectable levels. That the loss of GLP-1R function via RNAi eliminates reprogramming indicates that the GLP-1R is essential for this effect, although the exact mechanism for activation of HNF-6 remains to be determined.

From the data presented here, the authors conclude that feeding GLP-1(1-37)--secreting bacteria to diabetic rats can cause glucose-responsive insulin production, reducing blood glucose levels significantly. Although additional characterization is necessary, the mechanism of insulin secretion appears to be from transformed intestinal endocrine cells. Given that rats were fed an inactive form of GLP-1 that does not stimulate β-cell insulin secretion, it is unlikely that this approach led to increased insulin production from remaining β-cells. Pancreatic morphometric analysis indicated that β-cell counts were not improved in rats fed GLP-1--secreting bacteria. Tissue homogenization revealed that insulin in rats fed GLP-1--secreting bacteria originated from the intestine. More work is needed to further understand how the GLP-1R stimulates HNF-6 activation.
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